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Beyond the Nernst-limit with dual-gate ZnO ion-sensitive field-effect transistors
The sensitivity of conventional ion-sensitive field-effect transistors ͑ISFETs͒ is limited to 59 mV/ pH, which is the maximum detectable change in electrochemical potential according to the Nernst equation. Here we demonstrate a transducer based on a ZnO dual-gate field-effect transistor that breaches this boundary. To enhance the response to the pH of the electrolyte, a self-assembled monolayer has been used as a top gate dielectric. The sensitivity scales linearly with the ratio between the top and bottom gate capacitances. The sensitivity of our ZnO ISFET of 22 mV/ pH is enhanced by more than two orders of magnitude up to 2.25 V / pH. © 2011 American Institute of Physics. ͓doi:10.1063/1.3546169͔
Ion-sensitive field-effect transistors ͑ISFETs͒ were first reported 40 years ago. 1 As schematically shown in Fig. 1 , ISFETs are based on standard metal-oxide semiconductor field-effect transistors, where the silicon gate electrode has been replaced by an electrolyte grounded with a reference electrode. Ionic interactions at the interface between the SiO 2 gate dielectric and the electrolyte cause a change in the surface potential ⌿ 0 . This change in surface potential is detected as a change in threshold voltage V th as ⌬V th =−⌬⌿ 0 . 2 The interface can be modified by applying an ion-selective membrane to make the ISFET selective to specific target molecules. 3 ISFETs then allow for label-free detection of ions in solution, negating the need to label the target molecules in a time-consuming polymerase chain reaction. 4 The small device size allows for easy integration with microfluidics for lab-on-a-chip applications. 5 The sensitivity of ISFETs has been optimized for pH detection. The proton activity at the interface is related to the surface potential ⌿ 0 by the Nernst equation as
where k B is the Boltzmann constant, q is the elementary charge, and the symbol a denotes the proton activities in the bulk electrolyte and at the gate dielectric-electrolyte interface. The surface potential can be related to the pH. A detailed analysis has been given by Bergveld, 2,3 leading to
where ␣ is a dimensionless parameter, the so-called proton buffer capacity that varies between 0 and 1 and which is a measure for the proton activity of the interface. If ␣ is 1, the ISFET has a so-called Nernstian sensitivity of 59 mV/ pH at 25°C, which is also the maximum achievable sensitivity. In practice, the value of ␣ is smaller than unity. For SiO 2 , ␣ is typically 0.5 2 and slightly higher values have been reported for more reactive oxides, such as tantalum oxide and erbium oxide. 6 To improve the sensitivity beyond the Nernstian response, we changed the layout of the ISFET by adding a second gate. [7] [8] [9] [10] A schematic layout of the resulting dual-gate transducer is shown in Fig. 1 . The current depends on both the bias on the bottom gate and the surface potential at the gate dielectric-electrolyte interface. It has been shown that a change in the surface potential leads to a shift of the threshold voltage by 
In comparison with a regular ISFET, the change in threshold voltage is modified by the capacitive coupling C top / C bottom . Dual-gate ISFETs with a capacitive coupling of a factor of 2 have been reported. 11 The enhancement was limited due to the use of a relatively thick top gate dielectric. To increase the coupling, a larger top capacitance is required. Here we use a self-assembled monolayer ͑SAM͒ as the top dielectric. The bottom capacitance is varied by using different thicknesses of the SiO 2 bottom gate dielectric. Here we determine the response of the dual-gate transducer as a function of the capacitive coupling and we show that the sensitivity can be enhanced by orders of magnitude.
The sensors were fabricated on thermally oxidized n ++ doped Si as the bottom gate dielectric. We used wafers of various SiO 2 thicknesses. Au source and drain contacts were defined by standard photolithography on a Ti adhesion layer. The n-type semiconductor ZnO semiconductor was deposited on these structured substrates by pulsed laser deposition ͑PLD͒. 12 ArF ablation ͑193 nm, 15 ns͒ was carried out from high-density ZnO targets that were prepared from ZnO powder. We used high-purity fiber-grade Ultrex ZnO ͑J.T. Baker, Philipsburg, NJ͒, which was pressed and subsequently sintered at 1300°C in air. The PLD off-axis geometry was used in order to increase the area of uniform thickness of the deposited films. The layer thickness is about 20 nm. Typical transfer curves for drain biases ranging from 100 mV to 2 V of the resulting ZnO transistor are presented in Fig. 2 . Hysteresis is absent, the switch-on voltage is about Ϫ10 V, and the linear mobility increase with gate bias to about 1 cm 2 V −1 s −1 . The transfer curve for a 100 mV drain bias shows that there is negligible contact resistance.
To realize a large top gate capacitance, we applied a self-assembled monolayer of octadecylphosphonic acid 13 on top of the semiconducting ZnO. Prior to applying the SAM, the surface is cleaned in O 2 plasma, after which the SAM was applied from a 3 mM ethanol solution. The SAM passivates the ZnO. Therefore, the electrolyte can be applied without affecting the semiconducting channel between source and drain.
The potential of the electrolyte V ref is set by a KCl buffered Ag/AgCl reference electrode. To determine the capacitive coupling, transfer curves were measured as a function of an externally applied bias on the reference electrode. The current as a function of the bottom gate bias is presented in Fig. 3͑a͒ . To suppress parasitic Faradaic leakage currents, the drain bias was set at 0.5 V. The transfer curves shift as a function of the bias on the reference electrode. This shift is due to a change in the threshold voltage and can be determined at constant current. The capacitive coupling is then the ratio between ⌬V th and ⌬V ref . The value extracted from Fig.  3͑a͒ is about 18. The thickness of the bottom SiO 2 gate dielectric of 200 nm yields a bottom gate capacitance of 17 nF/ cm 2 . From the capacitive coupling, we extract a value of 300 nF/ cm 2 for the top gate capacitance. This capacitance corresponds to an effective dielectric thickness of approximately 8 nm. The effective thickness is larger than the actual SAM-molecule length of about 2 nm. This suggests that the passivated top layer of the ZnO acts as an insulator and contributes to the top capacitance. The origin could be the passivation procedure that might lead to a minor stoichiometry change of the surface layer.
To measure the sensitivity of the transducer toward the pH of the electrolyte, its surface was covered with different pH buffer solutions. The reference electrode was grounded. The current in the linear regime as a function of the bottom 
FIG. 3. ͑Color͒
Expanded parts of the transfer curves. The drain bias is set at 0.5 V to suppress parasitic Faradaic leakage currents. ͑a͒ Transfer curves as a function of the externally applied bias on the Calomel reference electrode to determine the capacitive coupling. ͑b͒ Transfer curves measured in buffered electrolyte solutions with pH 6 and 8 and a grounded reference electrode. The inset shows the measurement sequence and the drain current at a gate bias of 4 V. The measurements are reproducible; for a fixed pH, the currents are the same.
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gate bias is presented in Fig. 3͑b͒ . Here, the bottom gate dielectric is a 1.2 m SiO 2 layer. The measurement sequence is shown in the inset. First, the transfer curve was measured three times for pH of 8. Then, a new solution with a pH of 6 was applied and the transfer curves were measured three times. The procedure was then repeated for a pH of 8.
The inset shows the current at a gate bias of 4 V. The measurements are reproducible; for a fixed pH, the currents are the same. Figure 3͑b͒ shows that the transfer curve shifts as a function of pH. This shift is due to a change in threshold voltage and can be determined at constant current. Figure  3͑b͒ shows that for a difference in pH of 2, the threshold voltage shifts 4.5 V, yielding a sensitivity of 2.25 V / pH, which is orders of magnitude larger than the Nernstian response of 59 mV/ pH. From these measurements, we can derive the proton buffer capacity ␣. The capacitive coupling of this 1.2 m thick device was measured to be 110. Hence, corrected for the capacitive coupling, the surface potential ⌿ 0 shifts with 22 mV/ pH. This yields a value for ␣ of about 0.4, in good agreement with reported values of about 0.5.
To demonstrate that the sensitivity of the transducer depends on the capacitive coupling, we varied the thickness of the bottom SiO 2 gate dielectric. For transducers with a thickness of 200, 600, and 1200 nm, the capacitive coupling was determined. Transfer curves for each transducer were measured as a function of pH of the electrolyte. The extracted sensitivity is presented in Fig. 4 as a function of the capacitive coupling. Each data point is averaged over about 10 devices. A straight line is obtained in good agreement with Eq. ͑3͒. The slope corresponds to a value of ␣ of 0.4 as derived above.
In summary, we have demonstrated a transducer based on a ZnO dual-gate field-effect transistor in which the electrolyte with reference electrode acts as the top gate. To enhance the response to the pH, a SAM has been used as a top gate dielectric. We have shown that the sensitivity scales linearly with the ratio between the top and bottom gate capacitances. The achieved sensitivity of 2.25 V / pH is orders of magnitude larger than the Nernstian response of 59 mV/ pH. Reliable measurements of, for instance, DNA hybridization and protein interactions might be within reach. For instance, the change in surface potential upon DNA hybridization is typically only tens of millivolts, which hampers the detection with conventional ISFETs. With a dualgate transducer, the changes can be enhanced to the order of volts.
We gratefully acknowledge P. A. van Hal for fruitful discussions and T. C. T. Geuns from MiPlaza, Eindhoven for technical assistance. We also acknowledge financial support from the Dutch Polymer Institute, project 624 and the European project ONE-P, Grant No. 212311. FIG. 4 . ͑Color͒ The sensitivity of dual-gate transducers in mV/ pH as a function of the capacitive coupling: the ratio between the top and bottom gate capacitances. The data points correspond to bottom gate dielectrics of ͑from left to right͒ 200, 600, and 1200 nm SiO 2 . Each data point is averaged over about ten devices. The inset shows the device layout.
